Patients with left ventricular systolic dysfunction frequently show abnormal coronary vascular function, even in the absence of overt coronary artery disease. Moreover, the severity of vascular dysfunction might be related to the aetiology of cardiomyopathy.
Introduction
Accurate characterization of the aetiology of left ventricular systolic dysfunction and risk stratification are important goals in the management of patients with heart failure (HF). Clinically, patients are classified as having ischaemic or non-ischaemic left ventricular systolic dysfunction based on a history of myocardial infarction and/or objective evidence of coronary artery disease (CAD) on angiography. However, the severity of left ventricular dysfunction and remodelling is often out of proportion to the severity of angiographic CAD. This is compounded by the fact that many patients without angiographic CAD present with typical angina, not infrequently, show regional wall motion and/or myocardial perfusion abnormalities on non-invasive imaging studies. This suggests that structural and/or functional abnormalities downstream from the epicardial coronary arteries may contribute to symptoms, cardiac function, and prognosis. Abnormal coronary flow reserve, an integrated measure of the haemodynamic effects of epicardial coronary atherosclerosis and microvascular dysfunction/remodelling, is frequently found in patients with cardiomyopathy even in the presence of angiographically normal coronary arteries 1 -4 and is associated with increased risk of adverse ventricular remodelling independent of clinical severity of HF. 5, 6 In this study, we tested the hypothesis that the severity of global coronary vascular dysfunction may differ based on aetiology of cardiomyopathy and is associated with clinical outcomes independently of traditional clinical and imaging risk markers. We used positron emission tomography (PET) to quantify coronary blood flow and flow reserve in a large cohort of patients with ischaemic and nonischaemic cardiomyopathy.
Methods

Study population
Consecutive patients referred to the Brigham and Women's Hospital between January 2006 and June 2010 for rest/stress myocardial perfusion PET were included if they had a resting left ventricular ejection fraction (LVEF) ≤45% by two-dimensional transthoracic echocardiogram within 90 days of the index PET scan. The study was approved by the Partners Healthcare Institutional Review Board and conducted in accordance with institutional guidelines.
PET imaging
Myocardial perfusion PET imaging was performed on a whole-body PET-CT scanner (Discovery RX or STE LightSpeed 64, GE Healthcare, Milwaukee, WI, USA) after an overnight fast. Patients were instructed to refrain from caffeine-and methylxanthine-containing substances for 24 h prior to their scans. Myocardial blood flow (MBF) was measured during rest and peak stress with rubidium-82 as a perfusion tracer, and adenosine, regadenoson, or dipyridamole as the stress agent, as described previously. 7 Heart rate, blood pressure, and 12-lead ECG were recorded at baseline and every minute during and after pharmacological stress.
Image analysis and interpretation
Myocardial perfusion
Semi-quantitative 17-segment visual interpretation of the summed myocardial perfusion images was performed using a standard 5-point scoring system (0 -4), as described previously. 7 Summed rest and stress scores were calculated as the sum of individual segmental scores, and their difference was recorded as summed difference score. Summed rest, stress, and difference scores were converted into percentages of total myocardium by dividing each score by the maximum possible score (i.e. 68).
Quantitative myocardial blood flow and flow reserve Absolute MBF (mL/g/min) was computed from dynamic rest and stress imaging series using previously validated commercially available software (Corridor4DM; Ann Arbor, MI). 8 Briefly, factor analysis was used to generate blood pool and tissue time-activity curves. Global rest and peak stress MBFs were calculated using a two-compartment tracer-kinetic model, as described previously. Per-patient global CFR was calculated as the ratio of absolute MBF at stress over rest. Four operators performed quantification of MBF without knowledge of aetiology; the intraclass correlation coefficient for CFR among these four readers was 0.94 [95% confidence interval (CI), 0.88 -0.98].
Definition of the aetiology of cardiomyopathy
The aetiology of cardiomyopathy was adjudicated by two cardiologists blinded to the coronary flow reserve data. Blinded adjudication used historical data, results of non-invasive imaging tests and coronary angiography, and physicians' notes to classify patients into two groups. Consistent with Felker 9 criteria, patients were defined as having nonischaemic cardiomyopathy if there was no prior history of coronary revascularization and/or myocardial infarction and they had either a normal myocardial perfusion PET study (summed stress score ,3), or they had a coronary angiogram without evidence of obstructive coronary artery stenosis in more than one vessel. If subjects had evidence of multivessel obstructive coronary artery stenosis or significant ischaemia or scar on PET (summed stress score ≥3), they were characterized as ischaemic cardiomyopathy.
Assessment of outcomes
The primary outcome was the first occurrence of a major adverse cardiovascular event (MACE)-a composite end point that included cardiac death, HF hospitalization, aborted sudden cardiac death (SCD), and late revascularization. Patients who died of non-cardiac causes were censored at the time of death. MACE was adjudicated by manual chart review by three cardiologists. Differences between reviewers were resolved by consensus. Detailed definitions used for adjudication of major adverse events are provided in Supplementary data online, Methods.
Cardiac death
Vital status of all patients was ascertained by integrating data from the Social Security Death Index (SSDI), the National Death Index (NDI), and Partners Healthcare Research Patient Data Repository (RPDR), as described previously.
HF hospitalization
For hospitalization events to be classified as due to HF, the event had to meet all of the following criteria: (i) the patient was admitted to the hospital for a primary diagnosis of HF, (ii) the patient presented with new or worsening symptoms due to HF on presentation, (iii) the patient had objective evidence of new or worsening HF, and (iv) the patient received initiation or intensification of treatment specifically directed at HF.
Aborted SCD
Implantable cardioverter defibrillator (ICD) therapies within 12 months after the index PET scan were categorized by reviewing all stored ICD internal electrograms of suspected VT/VF episodes to verify their ventricular origin. The episodes were identified in terms of cycle lengths recorded by the ICD and were also manually checked by examining the printout electrograms. Aborted SCD was defined by delivery of an appropriate ICD shock or anti-tachycardia pacing for ventricular tachycardia or fibrillation. Inappropriate ICD therapy was defined as a discharge triggered by sinus tachycardia, supraventricular tachycardia, atrial fibrillation, or device malfunction.
Late revascularization
All revascularization procedures ≥90 days from the index PET scan were adjudicated and included as MACE.
Statistical analysis
Statistical significance was assessed using the Wilcoxon, Fisher exact, and x 2 tests for continuous, dichotomous, and categorical variables, respectively. Two-sided values of P , 0.05 were considered significant. All statistical analyses were performed with SAS 9.3 (SAS Institute Inc., Cary, NC, USA).
Survival modelling
Survival analysis was conducted using Kaplan-Meier analysis. Because some patients experienced multiple events, for each analysis follow-up was censored at the first relevant event. Nested Cox proportional hazards models were generated to evaluate the incremental prognostic value of coronary flow reserve beyond clinical covariates and imaging variables. Because of high collinearity between end-diastolic and endsystolic volume indices, only the former was included in models as it resulted in greater improvement in model fit. Incremental prognostic value was evaluated by the global x 2 statistic, c-index, and net reclassification improvement.
-12
Results
Patient characteristics
A total of 510 patients met inclusion criteria and were followed for a median of 8. 
Patient outcomes
Overall, 135 out of 510 (26.5%) met the primary composite outcome of MACE ( Table 2) . Compared with those without MACE, those who experienced MACE were slightly older, had higher prevalence of prior CAD and revascularization, had more severe ventricular dysfunction, and higher incidence of severely impaired CFR (see Supplementary data online, Table S1 ).
Analysis by CFR tertiles revealed similar annualized rates of MACE in the low and medium tertiles subgroups (35.3 vs. 30.3%, P ¼ 0.43), compared with the high CFR tertile (CFR . 1.65) cohort (35.3 and 30.3% vs. 15.5%, P ¼ 0.0004 and P ¼ 0.004 for low vs. high and medium vs. high, respectively). Thus, for all subsequent analyses, patients in low and medium CFR tertiles (CFR ≤ 1.65) were grouped together and compared with patients in the highest CFR tertile group (Table 2) . Overall, patients with CFR ≤ 1.65 experienced higher annualized rates of MACE, cardiac death, HF hospitalization, and late revascularization (Figure 2) .
HF aetiology-based analysis revealed that patients with ICM experienced higher rates of MACE, cardiac death, and late revascularization, compared with those with NICM ( Table 3) .
Unadjusted and adjusted event-free survival Variables included in the Cox proportional hazards model and results of univariate and multivariate event-free survival analysis are reported in Tables 4 and 5 . In univariate analysis, age, history of CAD or CABG, ICM, ventricular function, end-systolic and enddiastolic volumes, combined amount of myocardial scar and ischaemia (abnormal perfusion), as well as CFR were all significantly associated with MACE ( Figure 3) . Unadjusted Kaplan-Meier analyses revealed an event-free survival rate of 52.4 and 78.3% for patients with CFR ≤ 1.65 and CFR . 1.65, respectively (P , 0.0001; Figure 4) ; and a 2-year event-free survival rate of 58.3 and 68.7% for patients with ICM and NICM, respectively (P ¼ 0.0006; see Supplementary data online, Figure S1 ).
Next, a series of multivariable models were constructed to assess the incremental prognostic value of CFR for MACE after adjustment for clinical covariates, LVEF, left ventricular end-diastolic volume index, and HF aetiology (Tables 4 and 5). Because HF aetiology and myocardial scar burden showed significant collinearity, only the former was included in the models. Addition of CFR was associated with a significant increase in global x 2 , indicating improved model fit. Compared with CFR ≤ 1.65, the adjusted hazard ratio for MACE for patients with CFR . 1.65 was 0.62 (95% CI, 0.39 -0.85; P , 0.04). Of note, an interaction term between CFR and HF aetiology was noninformative, suggesting that the effect of CFR on MACE was consistent regardless of aetiology of HF. Furthermore, use of beta blockers, ACE inhibitors/ARBs, and diuretics was not related to MACE and did not modify the effect of CFR on MACE. Direct adjusted survival plots demonstrated that patients with CFR ≥ 1.65 had a significantly better event-free survival compared with those with CFR ≤ 1.65 ( Figure 5) . Finally, when CFR was corrected by the rate pressure product to account for resting cardiac work, similar results were obtained.
Risk reclassification
The addition of CFR category to a pre-CFR risk model that included clinical covariates, LVEF, LVEDVI, and HF aetiology (model 5, Tables 4 and 5) resulted in a net correct reclassification of 57.2% of events and a net incorrect reclassification of 19.1% of non-events. The continuous net reclassification improvement was 0.381 (95% CI, 0.144-0.590).
Discussion
This study of coronary flow reserve in cardiomyopathy reveals that coronary vascular dysfunction is highly prevalent among patients with cardiomyopathy, even among those classified clinically as NICM although coronary flow abnormalities are quantitatively more severe among those with ICM. Second, even among those with chest pain or dyspnoea, CFR was lower in those with ICM compared with those with NICM. Third, CFR ≤ 1.65 was associated with a two-fold higher annualized frequency of MACE in patients with both ICM and NICM, compared with those with a CFR . 1.65. Interestingly, the higher frequency of annualized MACE among those with severely reduced CFR vs. those with relatively preserved CFR was dominated by cardiac death in ICM and by HF admissions in those with NICM. In multivariable modelling adjusting for clinical risk, ejection fraction, left ventricular end-diastolic volume index, and aetiology of cardiomyopathy, an impaired CFR was independently associated with adverse cardiovascular events.
Few studies have examined abnormalities in coronary vascular function and its association with clinical outcomes in patients with LV systolic dysfunction. These studies were small and included only patients with NICM. Neglia et al.
1 evaluated 67 patients and showed a 3.5-fold increase in the risk of death and progression of HF in the setting of impaired CFR as measured by PET. Two other studies using a less well-validated method for assessing coronary function (echocardiography) also showed that a reduced CFR associated with cardiovascular events. 3, 13 Our findings extend the observations of these studies in three important ways: by characterizing the differences in coronary flow abnormalities in a significantly larger cohort that included patients with both ICM and NICM, by describing the interrelationship between the abnormalities in coronary function and patients' symptoms, and by describing the prognostic significance of impaired CFR in patients with ICM and NICM. Although multiple factors contribute to abnormal CFR among patients with CAD and ischaemic cardiomyopathy, such as severity and distribution of obstructive CAD, the extent of diffuse distal atherosclerosis, and microvascular dysfunction, 14 -16 the mechanisms underlying the reduced CFR in patients with NICM are not well understood. 17, 18 Some of the proposed mechanisms for alterations in coronary blood flow in patients with cardiomyopathies include endothelial and autonomic nervous system dysfunction, vasostructural changes such as macro-and microvascular obstruction, changes in myocardial capillary density, and vascular remodelling, as well as extravascular compressive forces. 17, 19, 20 From a clinical viewpoint, these data suggest that assessment of CFR may provide another element to include in risk stratification for patients with HF. While it is not clear whether and how this might direct therapy, it would seem plausible that patients with abnormal CFR and exertional limitation may potentially benefit from vasodilators already used in some patients with HF, such as nitrates, which have been suggested to improve exercise tolerance in NICM as well as in ICM, or hydralazine, which has improved multiple HF outcomes. 21, 22 In patients with ICM, impaired CFR in the peri-infarct or remote myocardium may increase the risk of sudden death from fatal arrhythmias triggered by ischaemia in the location of scar or in remote myocardium. 23 Our study has several limitations. First, this was a single-centre observational study in a large academic medical centre and, thus, is subject .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ .........   . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... to bias. In the present cohort, there is a high rate of cardiac death, but this is quite comparable to other patient populations in epidemiologic studies of patients with left ventricular systolic dysfunction and/or congestive HF. 24 -26 Despite accounting for several important clinical covariates, it is likely that additional confounding bias persists. However, an advantage of this type of analysis is that it represents a real-world population, and thus, the results should be generalizable. Second, coronary angiography was not available in all patients. In this regard, it is possible that reliance on the absence of stress perfusion defects may misclassify a small number of patients (e.g. with multivessel CAD and globally depressed CFR). However, in general, the absence of PET perfusion defects is associated with lack of significant CAD, 27 and future prospective studies in this space may utilize CT or invasive angiography to confirm these findings. Finally, stress MBF was not associated with outcome in our study, suggesting that CFR as an integrated physiologic measure of flow reserve is a uniquely prognostic PET parameter.
Conclusion
In the present study, we show that impaired coronary vascular function is common in patients with ischaemic and non-ischaemic cardiomyopathy. It may contribute to chest pain and dyspnoea on exertion, thus limiting exercise in patients with and without significant CAD. Furthermore, the presence of coronary vascular dysfunction is associated with MACEs, including cardiovascular death and HF hospitalization. Future work should be focused on investigating whether and how quantitative measurements of CFR can direct therapy in patients with HF.
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